Introduction two large superfamilies.
The approximate shape and arrangement of subunits The transient unraveling of duplex DNA or RNA by heliin the T7 helicase-primase and several other hexameric cases is essential for the replication and repair of DNA, helicases have been revealed by electron microscopic transcription, RNA splicing, and other vital cellular prostudies . The T7 helicase-primase is a cesses (Wassarman and Steitz, 1991; Matson et al., hexamer that forms a topologically closed ring (Patel 1994; Baker and Bell, 1998 1997) . A direct interaction of the ment along one strand with the concomitant displacehelicase with both of the separating DNA strands is ment of the complementary strand, in a reaction coupled suggested by the strict requirement for single-stranded with the hydrolysis of nucleoside triphosphates.
regions on both strands of the forked DNA substrate The DNA helicases that function in replication are inti- (Matson et al., 1983 ; Ahnert and Patel, 1997) . These mately associated with other proteins of the replication findings are consistent with a strand exclusion model of fork. Together these proteins constitute a macromolecuhelicase action in which the ring-shaped protein moves lar machine that copies both strands of DNA with reprocessively along the encircled DNA strand, displacing markable speed and accuracy. In addition to unwinding the complementary strand. The T7 helicase-primase protein consists of two doduplex templates for DNA synthesis, the replicative helimains that can be separated by proteolytic cleavage cases also coordinate the activities of other replication (Rosenberg et al., 1992; Bird et al. , 1997) . A three-dimenproteins associated with the leading and lagging strands sional reconstruction from electron microscopic images of the replication fork. The cooperative interactions of of the hexameric T7 helicase-primase (Egelman et al., replication proteins have been studied extensively in 1995) reveals two stacked rings, one small and one large, which correspond to the primase and helicase domains, N-terminal primase domain (residues 1-272) is mononucleotide-binding site at the interface of two RecA-like domains is also a feature of the PcrA, Rep, and NS3 meric, and it catalyzes the template-directed synthesis of short oligoribonucleotides that are used as primers for helicases, and it could be of universal importance for the mechanism of DNA unwinding activity. A comparison lagging strand synthesis by T7 DNA polymerase (Frick et al., 1998; Guo et al., 1999) . Several C-terminal fragments of the T7 helicase domain with RecA and other structurally similar nucleotide hydrolases suggests possible of the T7 helicase-primase have been identified that form stable hexamers that have helicase activity at high mechanisms for coupling the energy of nucleotide hydrolysis to a change in protein conformation that unprotein concentrations (Bird et al. , 1997) . A minimal C-terminal fragment of the T7 helicase-primase comprising winds DNA. all five of the conserved helicase motifs (residues 272-566) is predominately monomeric and it forms oligomers only at high protein concentrations (Guo et al., 1999) .
Results and Discussion Although this minimal domain is defective as a helicase, it hydrolyzes nucleotides rapidly at high protein concenThe crystal structure of the T7 DNA helicase domain was determined by multiple isomorphous replacement trations (Guo et al., 1999) and hydrolysis is further stimulated by addition of DNA (S. G., S. T., and C. C. R.,
followed by model refinement with diffraction data extending to 2.3 Å resolution (Table 1) . Structures of the unpublished results). Furthermore, it binds tightly to the T7 DNA polymerase. As an initial step toward a highprotein complexed to 2Ј-deoxythymidine triphosphate (dTTP), 2Ј-deoxyadenosine triphosphate (dATP), and resolution study of a hexameric helicase, we have determined a crystal structure of the C-terminal helicase do-2Ј-deoxythymidine diphosphate (dTDP) are isomorphous with the unliganded structure and they were remain (residues 272-566) from the T7 helicase-primase in the presence and absence of nucleotide cofactors.
fined by difference Fourier methods. The T7 helicase domain has a globular fold with mixed ␣, ␤ structure The structure of the T7 helicase domain and its interactions with neighboring subunits in the crystal resemhaving dimensions of 30 Å by 38 Å by 46 Å . The T7 helicase domain did not crystallize with the subunits ble those of the RecA protein. A nucleotide binds in the crevice formed between adjacent subunits, where an packed in a closed ring structure analogous to that observed in electron microscopic images of the intact heliarginine that is analogous to the arginine finger motif of GTPase-activating proteins could trans-activate the case-primase protein (Egelman et al., 1995) . Instead, the six molecules in the crystallographic unit cell are bound nucleotide for hydrolysis. This arrangement of a arranged along a 6 1 screw axis, creating a helical filament (pitch ϭ 86 Å per 6 subunits, outer radius ϭ 60 Å ) (Figure 1a) . Although previously unobserved for T7 helicase-primase, the helical filament is quite similar to the filament observed in the crystal structure of E. coli RecA (pitch ϭ 82 Å per 6 subunits; outer radius ϭ 60 Å ) ). RecA's strand exchange activity is thought to be catalyzed by the protein filament, although RecA can also form hexameric rings resembling those of the hexameric DNA helicases (Yu and Egelman, 1997) .
Viewed in projection along the helical 6 1 axis of the crystals, the T7 helicase domain has the appearance of a 6-fold symmetric ring that is 120 Å in diameter with a central hole of 35 Å diameter (Figure 1b) , dimensions that closely match the larger of the two stacked rings seen in an electron microscopic reconstruction of the intact T7 helicase-primase (Egelman et al., 1995) . The subunit packing arrangement in the crystal structure of the T7 helicase domains is readily converted to a 6-fold symmetric ring by collapsing the filament onto a plane perpendicular to the crystallographic 6 1 axis, followed by an 18Њ rotation and a 10 Å translation of each subunit. The resulting model of the ring-shaped helicase closely resembles the size and shape of the helicase domain of the helicase-primase reconstructed from electron microscopic images (Egelman et al., 1995) . The packing interactions of subunits in the modeled ring involve most of the same residues in orientations slightly modified from those in the crystal structure. Moreover, energy minimization of the model relieves the few bad contacts present by simply readjusting side chain conformations. We conclude that the subunit interactions in the crystal structure are closely related to those that stabilize the ring-shaped helicase-primase.
The core of the T7 helicase domain is a mononucleotide-binding fold that consists of a central, mostly parallel ␤ sheet with flanking helices (Figure 2a) . The structure of the T7 helicase domain closely resembles that of RecA (122 C␣ atoms superimposed with an rmsd of 1.6 Å ) 
A Flexible Joint between Helicase Subunits
The subunit interface of the T7 helicase domain consists of two regions-a helix that is swapped between subunits, and several loops located near the nucleotidebinding site (Figure 2b ). The N-terminal helix of each subunit packs against the neighboring subunit (residues 345-388), completing a bundle of four helices on the outer periphery of the filament. The packing interface is stabilized by hydrophobic and electrostatic interactions over the full length of helix A. These interactions comprise most of the total contact surface between monomers (1500 Å 2 of buried surface per monomer). The swapped helix is linked to the rest of the helicase domain by an extended and presumably flexible segment of three residues (Figure 2a) . Like helix A, the primase domain located immediately N-terminal to helix A might pack most intimately against a neighboring subunit of the hexameric helicase-primase, instead of packing against the same subunit that it is covalently linked to. This intertwining or swapping of adjacent domains has (Figures 1 and 2a) . The contacts involving these binding in the crystal. Upon binding to dTTP (or dTDP), a region around motif loops account for less than 20% of the buried interface between subunits.
H4 of the T7 helicase domain folds into a helical structure (Figure 2a ) that appears as a region of positive electron The structure of the subunit interface offers clues to understanding the mechanism of helicase cooperativity. density in difference Fourier maps calculated from the nucleotide-bound and unliganded structures. Ten resiCooperative behavior between subunits is manifested in several aspects of helicase mechanism. For example, dues from motif H4 (483-492) become sufficiently well ordered to be included in the structural model of the the addition of nucleotide (or nucleotide analogs) promotes hexamer formation under dilute conditions otherprotein complexed to nucleotide (Figures 1b and 2a) . These additional residues form a 3 10 helix that covers a wise favoring protein monomers and dimers (Patel and Hingorani, 1993; Notarnicola et al., 1995) . Cooperativity small hydrophobic patch on the central ␤ sheet near the center of the filament. Two residues within this newly is also manifested in both ATP hydrolysis and nucleotide binding , folded segment (R487 and G488) have been implicated in the DNA binding activity of the helicase-primase proas well as the cooperative inhibition caused by the addition of a catalytically inactive T7 helicase-primase to the wildtein . In the unliganded structure, residues 468-492 are disordered, suggesting that type enzyme .
Examination of the subunit interface suggests two the 3 10 helix might move or undergo cycles of folding and unfolding in response to nucleotide binding and elements of a cooperative mechanism: the ability to effect a conformational change between subunits, and a release, perhaps acting as a switch that controls DNA ment by torsion angle molecular dynamics, it was recognized that the structure factors calculated from the model and the observed Experimental Procedures structure factor amplitudes did not scale together well at low resolution, even after the applying the solvent-scattering correction in Protein Expression and Purification the CNS program. We therefore applied a resolution-dependent bin The T7 helicase domain (residues 272-571) was overproduced as scaling of F calc and F obs (Trikha et al., 1999) that better fit the model described (Guo et al., 1999) . After sonication, the cell lysate was structure factors over the full range of resolution. After appropriate cleared by centrifugation and the T7 helicase domain was precipiscaling of the diffraction data, the model was further refined by tated by the addition of polyethylene glycol 4000 (17.5% w/v). The conjugate gradient minimization using the programs TNT (Tronrud, precipitated protein was collected by centrifugation, resuspended, 1997) and CNS. The final working and free R factors, as well as PDB and applied to a DE52 anion exchange column that was developed ID codes, are given in Table 1 . with a gradient of NaCl. The appropriate fractions from the DE52 chromatography step were applied to a Superdex 200 gel filtration (Table 1) 
